Abstract. Information on the spatial relationships between disease vectors and
INTRODUCTION
Information on the spatial distribution and temporal dynamics of anopheline mosquitoes and how environmental factors affect the spatial-temporal dynamics of vectors is crucial to the development of effective malaria control measures. It is well known that malaria infections are not distributed homogenously, with some areas or some households within the same area showing higher malaria incidence than others. [1] [2] [3] [4] [5] Distance to larval habitats was found to be associated with vector abundance in a house and therefore, with malaria risks. [6] [7] [8] However, other factors also contribute to the spatial heterogeneity of transmission intensity in a community, including land use and land cover, topography, house building materials and structures, the level of household protection measures against mosquitoes. 6, [9] [10] [11] [12] [13] [14] [15] How these factors influence the distribution and abundance of African malaria vectors is unknown. An important task of disease vector ecologic research is to determine the relative contribution of these environmental factors on the spatial heterogeneity of vector distribution.
The objective of the present study is to determine the spatial distribution of Anopheles populations and the spatial association between adult vector abundance and environmental factors in the western Kenya highlands. Since the late 1980s, a series of malaria outbreaks has occurred in the western Kenya highlands where malaria incidence used to be low. [16] [17] [18] [19] Epidemics of malaria have been reported in the highlands of more than 10 countries in Africa. 10, 18 The causes of epidemic malaria in the highlands are being debated. 17, [20] [21] [22] [23] [24] [25] The highlands are characterized by complex topography consisting of valleys, hills and plateaus, and a mosaic of land use and land cover. 13 Over the past four decades, the western Kenya highlands have been experiencing dramatic land use changes such as deforestation and swamp cultivation. 26, 27 This land use change has significantly influenced vector larval habitat availability and productivity and adult mosquito life history traits and distribution. 10, [12] [13] [14] [15] 28, 29 The complexity of topography and landscape in the highlands contributes to the spatial heterogeneity of vector abundance and malaria transmission intensity. Anopheles gambiae s. s. and An. funestus are the only malaria vector mosquito species in the highlands of western Kenya. 30 Anopheles gambiae s. s. shows a strong preference for temporary breeding sites, as opposed to the permanent bodies of water where most An. funestus breeding sites have been found. Anopheline larval habitats were aggregated in valley bottoms in both the rainy and dry seasons because of hilly topography. 13, 30 The spatial relationship between larval habitat availability, environmental factors, and adult mosquito abundance has not been established. Therefore, we examined the spatial distribution of adult vector abundance and the seasonal change in the spatial distribution pattern, the spatial correlation between adult mosquito distribution and larval breeding site availability, and the effects of spatial and non-spatial environmental factors on the spatial distribution of the malaria vector population.
MATERIALS AND METHODS
Study area. The study was conducted in the village of Iguhu (34°45ЈE, 0°10ЈN, 1,430-1,580 meters above sea level), Kakamega District, western Kenya. Typically, the region has two rainy seasons (April-May and October-November) and two dry seasons (January-February and July-August). The 4 × 4 km 2 study area consists of approximately 2,500 households and a human population of approximately 11,000. According to the observation from Kakamega meteorologic station (approximately 20 km from the study site), the 1960-1999 aver-age annual rainfall was 1,977 mm, mean minimum temperature was 13.8°C, and mean maximum temperature was 28.0°C. The study area covers a portion of the Yala River valley (Figure 1 ). The study area includes a mosaic of land use types. 31 The hills are mostly maize land dotted by patches of tea plantation, and several swamps are located along the Yala River valley. A natural forest is located in the east side of the study area, constituting approximately 15% of the total area. The annual malaria transmission intensity in the study area in 2003-2004 was estimated to be 16.6 infectious bites per person per year, 32 and thus the area can be classified as mesoendemic in a highland-fringe region. Malaria prevalence varied from 21% to 57% during 2002-2003, and children 1-9 years of age consistently exhibited the highest prevalence (47.0%) and adults >19 years of age showed the lowest prevalence (9.5%).
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Mosquito sampling. Adult mosquito samplings were conducted in an area of 3 × 3 km 2 using the indoor pyrethrum spray collection method in the long rainy season (May [8] [9] [10] [11] [12] [13] [14] [15] 2002 ; n ‫ס‬ 100), 33 and cool dry season (July 18-August 14, 2002; n ‫ס‬ 80), and in an area of 4 × 4 km 2 in the short rainy season (November 11-December 3, 2002; n ‫ס‬ 300) and the hot dry season (February [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] 2003 ; n ‫ס‬ 200). The houses for vector abundance surveillance were chosen randomly, and the global positioning system (GPS) coordinates were recorded using differential GPS. Anopheline mosquito abundance was measured as the number of female mosquitoes per house; only female mosquito abundance was analyzed because they are responsible for malaria transmission and have a strong endophilic resting behavior. Mosquito aquatic habitats in the study area were thoroughly searched for the ZHOU AND OTHERS presence of anopheline larvae 7-10 days before adult sampling by careful ground survey. Anopheline larvae were collected from positive habitats and identified to species based on the morphologic keys.
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Land use and land cover characterization. Because land use and land cover has a strong effect on the development and survivorship of An. gambiae s. s. larvae in the western Kenya highlands, land use and land cover types in the study area were mapped based on a multispectral (blue, green, red, and infrared) Ikonos image with one-meter ground resolution (http://www.spaceimaging.com/products/imagery.htm). The image was geometrically and radiometrically corrected to account for topographic distortions and atmospheric effects with ground truthing in 100 randomly selected points. 35 Land covers were classified as farmland, pastureland, forest, and natural swamp. Farmlands were characterized by the presence of any agricultural crops and bare ground that had been prepared for planting crops. Pastures were grasslands used for grazing. An area with a mixture of grass and shrubs was also classified as pasture. Forests were defined as areas with a tree canopy cover greater than 70%. Natural swamps were characterized by the presence of emergent aquatic plants, and this was the category with the least modification by anthropogenic activities. The detailed procedure on land use and land cover characterization was described by Mushinzimana and others.
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Household and house structure parameters. A total of 871 households were randomly selected and surveyed to obtain information on parameters that may be related to malaria transmission, including 1) house location, i.e., latitude and longitude, elevation and slope type (hilltop, middle of hill, or valley bottom); 2) house structures, i.e., roof type (thatch, tile or iron sheet), wall type (mud or brick), house size (floor area size in m 2 ), window type (closed or open), presence or absence of eaves, and the year that the house was built; and 3) the number of sleepers in each house. Because of the small number of houses with tile roofs (n ‫ס‬ 3), mosquito samples from these houses were excluded from analysis.
Spatial data analysis. Cross-correlation analysis was used to determine the spatial correlation between positive larval habitats and adult mosquito density. Underlying assumption of this analysis is that, on average, houses close to larval habitats will have more adult mosquitoes than those farther away. The cross-correlation statistic, uv (h), is analogous to the Person correlation coefficient between variables at points separated by a distance h. 36 The h -uv (h) graph, or crosscorrelography, is used to quantify the spatial association. If two variables are positively correlated spatially, uv (h) will be positive when inter-house distance h is small, and then decrease toward zero with increasing h. If two variables are negatively correlated spatially, uv (h) will be negative with small h, and then approach zero with increasing h. The distance h o , at which uv (h) ‫ס‬ 0, indicates the threshold distance beyond which spatial correlation between the two variables is not statistically significant. Because of the small sample size of houses located within 200 meters of any positive larval habitats, the cross-correlation analysis excluded the houses within 200 meters distance from larval habitats.
The parameter uv (h) also measures spatial autocorrelation if u and v are the same. In this case, uv (h) is simplified as (h). In a typical case of aggregated distribution, (h) is close to 1 when h is small, but it decreases and sometimes becomes negative as h increases. Parameter (h) is similar to Moran's I index, and has been widely used by ecologists. 37 If mosquito abundance in neighboring houses is correlated, then the appropriate neighborhood size is the maximum distance at which the abundance is correlated. Household and house structure variables were subjected to autocorrelation and cross-correlation analysis.
Significant neighborhood correlation detected by correlography is also an indication of global clustering, but it does not provide information on local or focal clustering. Getis' local statistic G i *(d ) tests local clustering. [38] [39] [40] By comparing local estimates of spatial autocorrelation with global averages, the G i *(d ) statistic identifies hotspots in the spatial data. In this way, it can be determined whether specific houses are located in transmission hotspots. Because most larval habitats were clustered in the valley bottom along the Yala River, 31 we used G i *(d ) statistic to determine whether adult mosquitoes were also clustered along the Yala River.
We used multiple regression analysis to determine the effects of environmental factors on adult mosquito abundance. Because regression analysis is biased when spatial autocorrelation is present, we removed the spatial association in these variables prior to the regression analysis using Getis' spatial screening method. 41 If a significant G i *(d ) was found, we used Getis' spatial filter method to separate the spatial component from the non-spatial component for both dependent variables (adult mosquito abundance) and independent variables. The stepwise multiple regression analysis was used to select the household and house structure variables and land use factors that significantly affect adult mosquito abundance. Topographic variables were also included in the regression analysis, including distance to the nearest larval habitats, the nearest distance to the Yala River and elevation. Anopheles gambiae s. s. and An. funestus were analyzed separately. For presentation simplicity, the effects of the factors significantly associated with malaria vector abundance were quantified by relative risk index using pooled data from the four samplings. The 95% confidence interval of relative risk index was calculated. Quantitative variables such as distance to the Yala River, house age, number of sleepers, and elevation were categorized into several classes based on the sample size distribution of the variables.
RESULTS
Spatial autocorrelation and local clustering analyses of adult mosquito abundance. Anopheles gambiae s. s. and An. funestus were the only malaria vector species in the study site. Anopheles gambiae s. s. was the predominant malaria vector species in the study area, constituting 94%, 61%, 85%, and 89% of the vector populations collected in the months of May, August, and November 2002, and February 2003, respectively. Higher abundances of An. gambiae s. s. and An. funestus adults were observed in houses near the valley bottom along the Yala River (Figure 1 ). Spatial autocorrelation analysis found that mosquito abundances in neighboring houses were correlated, but the distance within which spatial autocorrelation remained significant (or neighborhood size) varied among seasons (Figure 2 The increased neighborhood size in the last two surveys was due to the fact that study area size was increased from 9 km 2 to 16 km 2 . Results of Getis' G i *(d ) statistic indicated that highabundance clusters were located in the valley bottom along the Yala River, and low-abundance clusters were located on the hilltops of the study area (Figure 1 ). This pattern was consistent for the four sampling seasons. The location of the high-abundance cluster was typically within 400-450 meters of the Yala River. The low-abundance clusters were located, on average, Ն 800 meters from the Yala River. These focal clusters likely resulted from the aggregated distribution of larval habitats and the limited dispersal ability of adult mosquitoes.
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Spatial relationship between adult mosquito abundance and larval habitat availability. We found a total of 755, 190, 786, and 658 potential aquatic habitats in May, August, and November 2002, and February 2003, respectively. Among these sites, 271 (35.9%), 47 (24.7%), 224 (28.5%), and 312 (47.4%) habitats contained anopheline larvae for the respective sampling seasons. More than 80% of anopheline-positive habitats were located within 100 meters of the nearest streams.
Cross-correlation analysis found that adult mosquito abundance was significantly correlated with larval habitat availability up to a distance of 550-600 meters in the May and August 2002 surveys, and 1,000-1,100 meters in the November 2002 and February 2003 surveys, and this pattern was consistent in both An. gambiae s. s. and An. funestus (Figure 3) . The threshold distance within which spatial correlation between larval habitat availability and adult abundance remains significant is consistent with the dispersal ability of adult mosquitoes. 42, 43 Multiple regression of adult mosquito abundance. We identified seven variables that significantly influence adult mosquito abundance: the distance to the Yala River, the year the house was built, elevation where the house is located, wall type, window type, roof type, and tree canopy coverage over the roof (Table 1) . For example, houses near the Yala River showed a significantly higher anopheles mosquito abundance than those farther away from the river, and a significantly higher portion of houses in the river valley had anopheline mosquitoes. Similarly, houses located at the lower elevations (Յ 1,470 meters above sea level) had more than three-fold higher abundance of An. gambiae s. s. than houses located at higher elevations. Mosquito abundance was significantly lower in older houses, and was significantly higher in houses with mud walls and grass thatch roofs or in the deforested area (low roof canopy coverage) than in their respective counterparts. The effect of these variables on An. funestus abundance was similar to that on An. gambiae s. s., but An. funestus abundance was much lower than An. gambiae s. s. (Table 1) .
Overall, the spatial components explained 41% variance in mosquito abundance, and the non-spatial components accounted for only 18% variance. In all four sampling seasons, spatial components accounted for more variance in vector 
DISCUSSION
In this study, spatial autocorrelation analysis was used to determine the spatial distribution patterns of malaria vectors in the western Kenya highlands where frequent epidemic malaria has been reported in the past two decades. Positive spatial autocorrelation in mosquito abundance indicates mosquito distribution was spatially aggregated. Both global and focal clustering of adult mosquitoes can be attributed to the aggregated distribution of larval habitats in the valley bottom. 13, 31 The western Kenya highlands are characterized by hilly topography. Stagnant bodies of water cannot often accumulate in hills sufficiently long to render mosquito larvae capable of successfully completing the life cycle. Thus, the valley was the primary area where suitable larval habitats were formed. This is especially true during the dry season where larval habitats were more limited. As expected, we found a high abundance of mosquitoes clustering within an area of 400-500 meters from the Yala River. The cluster size may be explained by the topography and the limited adult mosquito dispersal ability. 42 This result is consistent with other studies, which showed that homes close to breeding sites exhibited higher mosquito abundance. 6, 8 We found substantial spatial-temporal variations in mosquito abundance. The temporal change in mosquito abundance is mainly caused by rainfall changes. Anophelesa gambiae s. s. adults were more abundant during the rainy season than during the dry season, which is consistent with the finding that the number of larval habitats was substantially higher in the rainy season than in the dry season. The lower abundance of An. funestus adults than An. gambiae s. s. was caused by the lack of suitable, long-lasting larval habitats for An. funestus because An. funestus larvae normally take three weeks to develop into adults, and An. gambiae s. s. larvae require approximately 10 days in sun-lit habitats. 15 The spatial variation in An. gambiae s. s. abundance is attributed to environmental heterogeneity, house location, and age and type of structure. Mosquito larval habitats are normally clustered along the river valleys or streams in hilly areas of the western Kenya highlands. Where a house is located has an important impact in malaria risk. In this study, we found that houses within the 500-meter range of the Yala River showed 5-6-fold higher mosquito abundance than houses uphill and more than 1,000 meters from the Yala River. Ribeiro and others suggested that the mosquito-breeding habitats along an irrigation canal in their study site was the major factor causing the aggregated distribution of An. gambiae s. s. 44 Other studies also found that people who resided near mosquito breeding sites had a higher malaria risk. 6, 8, [45] [46] [47] [48] Interestingly, we found that mosquito abundance in older houses was 2-3-fold less than that in the newer houses. Prior to the year 1990, more than 70% (322 of 443) of houses were located more than 200 meters from the Yala River, whereas almost half (209 of 428) of houses built after 1990 were located within 200 meters of the Yala River. More residents had to settle in areas near the river valley, where anopheline larval habitats are more abundant and malaria transmission intensity has been higher in recent years, because of the rapid increase in human population. Thus, through its effects on the spatial distribution of larval habitats and human settlement patterns, topography can have a significant impact on human malaria transmission. * Abundance refers to average number of female anopheline mosquitoes per house. † Odds ratio is the proportion of houses that anopheline female mosquitoes were present in particular classes of a variable relative to the class with the lowest value. ‡ The letters following the numerical values indicate the results of multiple comparison tests; values with the same letter in a column were not statistically significant at P < 0.05 for the particular factor and mosquito species.
§ Three houses were built with tile roofs and they were excluded from this analysis.
It is not surprising that types of house structures, such as walls and roofs, and whether the windows have screens significantly affect mosquito abundance inside a house. In our study site, the walls in approximately two-thirds of the houses were made of wood sticks pasted with mud. More than 90% of the mud-walled houses had windows without screens and more than 70% of the mud-walled houses had thatch grass roofs. Windows without screens enable mosquitoes to enter the houses easily, and thatch-grass roofs and mud walls provide benign resting sites for blood fed mosquitoes. Conversely, houses with brick walls are usually installed with screened windows and iron sheet roofs. Clearly, such types of houses protect residents from being bitten by malariacarrying mosquitoes. However, the higher construction costs of brick houses with corrugated iron-sheet roofs and screened windows limit the wide use of these construction materials by local residents.
We found that tree canopy coverage exhibited a significant effect on mosquito abundance in houses. Tree canopy reduces the water temperature of larval habitats surrounding the houses because canopy cover reduces the amount of solar radiation reaching the larval habitats. In the same study area, we found that the annual average water temperature was 2.4°C lower in natural habitats located in the forested area than in farmland. 15 In addition, the algal contents, one major food source of An. gambiae s. s. larvae, was considerably lower in larval habitats in the forest than in the farmland. Larvae-to-adult survivorship was only 2% for habitats in forested areas, whereas the larval survivorship exceeded 49% in habitats located in the farmland. Moreover, the larvae from forested habitats took a much longer time to develop into adults than those from farmland habitats (three weeks versus two weeks). 15 Thus, land cover affects larval survivorship and adult productivity through its effects on water temperature and nutrients in the aquatic habitats. Air temperature inside a house was also affected by tree canopy. Houses located in deforested areas showed a 1.2-1.8°C higher average temperature than those in the forested area. 28 As a consequence of increased air temperature, the duration of gonotrophic cycles was shortened by approximately 1.5 days, implying increased daily biting frequency. 29 In addition, mosquitoes placed in houses in the deforested area showed a 64.8-79.5% higher fecundity than those in houses located in the forested area. Thus, increased anopheline mosquito abundance in areas with low canopy coverage was a result of increased larval survivorship and increased fecundity in the adult mosquito population. We estimated that female mosquitoes in the deforested area showed a 38.5-40.6% increase in net reproductive rate than those in the forested area. 29 Our findings have implications on malaria vector control in the western Kenya highlands. The aggregated distribution of anopheline larval habitats and significant spatial correlation between larval habitats and adult mosquito abundance suggests that larval control may be a valuable method for reducing malaria transmission intensity. Larval control could be conducted through elimination of breeding sites or through the use of biologic insecticides such as Bacillus thuringiensis var. israelensis and B. sphaericus that specifically kill mosquito larvae. Larval control may be used as supplemental methods to insecticide-impregnated bed nets or indoorresidual sprays that target adult mosquitoes. Because larval habitats in the highlands were clustered along river valleys and streams, their locations can be predicted by remote sensing techniques and topographic features of the targeted area. 31 Because adult mosquitoes were also aggregated along river valleys, larval control in combination with adult control of anopheline mosquitoes may be a highly cost-effective method for control of epidemic malaria in the western Kenya highlands.
